A series of chemical explosions in Hudson
Regional variations of the Pi, velocities have long been recognized as real. How deep into the upper mantle these regional variations reach, and whether differences in upper mantle structure derived by various authors are real, are, however, still questions of much current interest.
In a recent paper, Barr (1967) used the 1966 Early Rise and 1965 Hudson Bay explosion series to derive an upper mantle model for the Canadian Shield. Since he used data from all Canadian standard seismographic stations, his model necessarily relates to some average upper mantle structure.
In this paper an attempt to confirm Barr's results is described, using only the data from the 1965 and 1966 explosion series as recorded by the medium aperture seismic array at Yellowknife, in the Northwest Territories of Canada. Although this restriction decreases the range covered by the data, the precise relative timing available at the array allows a measurement of the Fig. 1 shows the geometry of the array at Yellowknife.
It consists of 19 vertical short period seismometers, located in shallow vaults.
These are arranged in the form of an asymmetrical cross with 2.5km spacing between elements.
The overall dimensions are 22.5 by 22.5km. Construction of the array and some design details have been described by Manchee and Somers (1966) . Weichert et al. (1967) have reported on early Canadian teleseismic studies using the array. Fig. 2 shows the location of the array relative to the structural provinces of the Canadian Shield and to the locations of the two shot series. The Hudson Bay shots are essentially east of the array and the seismic ray paths underlie predominantly the Churchill province of the Shield. The Early Rise has been found superior to the more standard routine, involving visual picks of the signal onsets on individual channels and followed by a least squares fit of the arrival vector.
The accuracy achieved at present is about 0.2s/degree. However, this limit to the method is not generally the SNR of a particular event, but more often a variation of the signal shape across the array, which seems to depend significantly on epicentral region. This is now thought to cause the apparent regional bias in the teleseismic epicentre determinations which have been reported by .
Before describing the results of this investigation, the crust at the shot points and under the array must be examined.
For the Early Rise shot point, Berry and West (1966) have published a time term of 4.15s. For the Hudson Bay shots, Hobson et al. (1967) have published time terms averaging 3.6s and shot points.
In 1966 Barr (unpublished) conducted a crustal experiment in the vicinity of the Yellowknife array.
Using array records and one other temporary station nearby, has shown that the crust in the immediate vicinity of the array is very uniform: a layer with a 0.17s intercept is underlain by a 6.04km/s layer extending to about 34km depth.
This uniform and horizontal crust extends at least 70km to the northwest.
However, to the east and southeast, only some tens of kilometers away from the array, the crust is heavily faulted. At least two well distinguished crustal velocities are. observed here. However, the distances from the array are such that even for critically refracted rays the effects should be negligible. has further shown that along the south-southeasterly reversed profile through the array, the true Pn velocity, The SNR of most arrivals is poor and the coherence small for the frequencies of these signals.
The estimated error in phase velocity for the poorest events is about 10%, which is not good enough age velocity of the first arrivals from the shots at closer range (1270 to 1500km) is not significantly different from the average velocity of the more distant group (1550 to 1850 km). The respective phase velocities for the two ranges are 8.9 and 9.2km/s with a standard deviation in the means of 0.1km/s.
Two different interpretations
were offered for this arrival pattern by Whitham and Weichert (1968) . The least favoured was based on their inability to differentiate between the phase velocities of signals from the closer and from the more distant ranges, and therefore both groups were assigned to the same branch. Their alternative and more favoured interpretation is now confirmed by further study of the relative amplitudes of first and later arrivals in the closer group, and by the conspicuous break in the first arrival times at about 1450km. Relative amplitudes for the shots in the near range are indicated in Fig. 4 by open circles for large amplitudes and black triangles for the smaller amplitude first arrivals.
A questionable weak early arrival at 1464km, which is not shown, indicates the probable end of the travel-time branch beginning at Pn, distances with a known slope of 0.1228s/km, as indicated. The strong second arrivals of the nearer group and all arrivals of the farther shots are assigned to a second branch, originating below a weak and comparatively thin lowvelocity layer.
The beginning of the second branch cannot be ascertained from our data. Barr (1967) , whose work has already been mentioned, believes that he observes a cross- Barr (1967) , Weichert. observations of these phases at longer ranges in the Yellowknife area (Barr, private communication) .
If the Wiechert-Herglotz method is to be applied to depths below the top of the low velccity layer (LVL in the sequel), we would now have to strip the upper layer, that is, time and distance contributions of the upper layers from the observed T-D curve, for various ray parameters. This is hardly practical since the T-D curve is not observed in sufficient detail, both due to lack of data and to low amplitudes.
An often used-though not less ambiguous-procedure is to calculate the T-D curves for various assumed velocity models and compare with the observations. This has been thoroughly discussed for LVL's by Dowling and Nuttli (1964) . For the present work a modification of a program described by Barr (1967) was used, which allows a power law variation of velocities inside a number of discrete layers. The T-D curves, which correspond to a velocity distribution described to the computer from the typewriter, appear on a CRT screen, together with the observed arrivals which are to be matched. Individual layer thicknesses and velocities can thus easily be altered, and the operator can rapidly acquire a good feel for the effects of the various parameters.
For fitting the proposed LVL, the important parameters are the velocity contrasts at the top and the bottom of the layer and its thickness.
To generate any overlap of the two branches, the velocity below the LVL must exceed the The left end of branch 2 must be at least as near as the nearest data.
Since no curvature can be inferred for branch 2, the velocity below the may even be kept constant; but no even a perfectly straight branch 2 will accommodate the Early Rise first arrival. The late arrivals in the near Hudson Bay group are believed to be crustal reverberations at Yellowknife.
However, rather large amplitude late arrivals in the distant group die out halfway through the range and are therefore thought to represent a cusp. The traveltime slope of the first Early Rise arrival points very nicely into this cusp, and so does the second arrival 4 1/2s later.
At least one more velocity increase must therefore be included in the model below the LVL. It must be fairly substantial so that the resulting loop diameter corresponds to the separation of the two Early Rise first arrivals.
Finally, the crossover must be placed very near the Early Rise distance, since we have no evidence for an Early Rise arrival belonging to branch 2: it is assumed to be weak and completely masked by the 10.3km/s arrival.
Despite the considerable number of restrictions placed on the solution, some degree of ambiguity remains: the overlap of branches 1 and 2 can be obtained by various combinatoins of LVL contrasts (at top and bottom) and thicknesses.
Reasonable limits for the velocities across the LVL and its thickness are, for instance, 8.65:8.40:8.77(km/s) and 45km, or 8.65:8.0:8.69(km/s) and 25km. In both cases the third velocity has been chosen to keep the near end of branch 2 within the observed data. While this velocity must be high enough to match the observed 9.2km/s apparent velocity of the distant HB group, it should also be as low as possible to allow a larger contrast further down, which opens up the loop for the two Early Rise phases. Unfortunately, this same larger contrast tends to move the second cusp around 1750km to times later than observed, and a compromise had to be found. The last free parameter is the thickness of layer 4, under the LVL. It is here that the incompatibility of the Hudson Bay and Early Rise data shows most forcibly. If the distance of cusp 2 is to be matched (1750km), the layer must be made about 210 km thick; if the crossover is to be moved to Early Rise distance, only about 170km can be permitted.
Only the first solution is shown in Fig. 5 . For both models, however, Early Rise does not rise early enough, even though it precedes the J-B time by almost 5s. The favoured velocity distributions are listed below:
The surface layer at Yellowknife has been included in layer 1, and the exponent of the sumed near a conventional value: it does not affect the match significantly.
In Fig. 6 , this P-velocity model is compared to Barr's and to an earlier one by Lehmann (1959) . The striking difference is the definite presence of a low velocity layer.
That its lower edge is close to Lehmann's velocity step may be more than accidental, although Miss Lehmann's profile was based on European data.
Barr's velocity step at 125km depth has been replaced by our LVL at greater depth because of the different interpretation of the data around 1500km distance. The other strong difference between Barr's and our result is the depth of the second velocity increase, 439km against his 366km. It is interesting to observe that the combination of the Early Rise and Hudson Bay paths leads to a decrease in depth to the top of this layer to about 400km, approaching Barr's average over the whole Canadian Shield.
However, even our modified model does not account for the late arrival of Early Rise.
One explanation for this delay might be a difference in thickness and contrast of the LVL in the Superior province.
In this connection the idea of Hales et al. (1968) is of interest:
they suggest a LVL which is thinning toward the east under the U.S. For comparison, we have included in Fig. 5 arputs this arrival on the same branch as the first Early Rise arrival, while the first NTS arrival suggests another sharp velocity increase at greater depth. More significantly, however, the arrival times are now close to J -B values, but are much too late to fit the Canadian Shield data.
The difference is too large to be an error in the time term used for NTS. The time offset of the NTS signals is thus in the same direction as for Early Rise, only more pronounced, calling for a more pronounced LVL on this path under the western part of the continent.
An overall change of P velocities along the different paths is another explanation.
Thus, Barr's average velocities tend to be somewhat lower than those derived in this paper for the Churchill province path. Independent evidence is the recent work by Wickens and Pec (1968) . Using surface waves, these authors derived S-wave velocities for a N-S profile through Yellowknife.
On two sections of their profile from Coppermine to Yellowknife to Edmonton, the average S velocity down to a depth of 270km is about 3% different due to the combined change of depth to their low velocity channel and velocity differences within the layers. If similar small differences exist between the Churchill and Superior provinces, the time delays can be satisfactorily explained: total Early Rise travel time is about 240s, approximately half of which is spent in the Superior province. To account for a 4s delay the velocity difference would have to amount only to slightly more than 3%.
Work is continuing at the Dominion Observatory to interpret more data relevant to the Shield areas.
In particular, attempts to determine phase velocities for weak late arrivals, e.g., PP, are underway.
A crustal project in northern Quebec, including several 6000 1b charges, may lead to a valuable extension of the Yellowknife-Hudson Bay profile to Early Rise distances and beyond.
In the meantime, we are forced to accept the evidence for deep-reaching upper mantle structures which show considerable,
and as yet unresolved, variations over such relatively small and homogeneous areas as the structural provinces of the Canadian Shield. 
